A special class of molecules, symmetric tops such as CH 3 Br, has dipole moments that are not averaged to zero as the molecules rotate.``Up'' and``down'' orientations of these molecules in a weak electricˆeld have diŠerent energies and these orientations can be separated in an inhomogeneous electricˆeld. Using such an inhomogeneousˆeld, we have produced molecular beams oriented in space and have studied how this orientation aŠects chemical reactivity. Orientation is important. In the experiments discussed, an electron is transferred from a donor alkali atom to the LUMO of an oriented molecule. The stereochemistry of the transfer depends on the spatial extent of the LUMO, but the detection of the product (and the identity of the product) depends on the energy and the location of the donor. 8 636 8 636 -( )-J. Vac. Soc. Jpn.
Introduction
Everyone believes that the orientation of a molecule is important in a chemical reaction. Modern spectroscopy teaches us that molecules are comprised of atoms bonded together in well-deˆned order, giving the individual molecules characteristic shapes. Molecules can be linear, tetrahedral, ‰at, polar, non-polar and so on, and it is reasonable to conclude that chemical reaction would be conˆned to certain parts of the molecule, making its orientation important in the reaction. The notion that orientation is crucial in reaction was even advanced by the ancient Greek philosophers at a time when molecules were just postulated to exist and to have shapes:
……these atoms move in the inˆnite void, separate one from another, and diŠering in shapes, sizes, position and arrangement, overtaking each other they collide, and some are shaken away in any chance direction, while others, becoming intertwined one with another according to the congruity of their shapes, sizes, positions and arrangements, stay together and so eŠect the coming into being of compound bodies. [Simplicius] Although there is no doubt that orientation is somehow important in reaction, this notion has only recently been experimentally veriˆed. Even as late as the 1960's orientation eŠects in chemical reactions were, to paraphrase Mark Twain's* comment about the weather,`s omething that everyone talked about but no one did anything about''.
No one``did anything about it'' because macroscopic samples contain all possible orientations, and special techniques (described below) are required to produce non-random samples. These samples usually contain exceedingly small numbers of molecules and their detection is challenging.
In this review we shall endeavor to paint a picture of the progress we have made over the last 45 years in ex-perimentally orienting molecules and in studying the eŠects of their orientation on chemical reaction. We will mainly emphasize the work done in this laboratory and although we shall mention contributions from other laboratories, this is intended to be a review only of our work on electron transfer reactions and we apologize for any omissions. For earlier reviews, see ref 1 1) .
What have we accomplished?
a) We are able to produce molecular beams of oriented molecules by removing molecules with unwanted orientations. b) We are able to destroy the orientation thereby showing that the molecules were originally oriented. c) Weˆnd that molecular orientation aŠects reactivity and steric eŠects really do exist. Molecules do not twist to always present their most favorable end, although some reorientation during the collision cannot be ruled out. In some cases unfavorable orientations are non-reactive and the orientation only aŠects the product yield. Space-ˆlling models using van der Waals radii describe the results well. In other cases the detailed mechanism of the reaction depends on orientation and space-ˆlling models completely fail.
d) The reactions studied are electron-transfer (``harpoon'') reactions. An electron is transferred from an alkali metal atom to a molecule to form a transient negative ion. At very low (thermal) energies the negative ion breaks up and a salt is formed. The angular distribution of salt molecules shows that reactions are direct (do not form long-lived complexes). For reactions of K atoms with CF 3 I and CF 3 Br the angular distributions for positive-end or negative-end attack are completely diŠerent showing that the mechanism is diŠerent for attack at the diŠerent ends of the molecules. This is not true for CH 3 I where I-end attack is more favorable, but the angular distributions are similar showing that the mechanism is the same. e) At somewhat higher energies the ions formed by electron transfer are separately detected and identiˆed. DiŠerent products frequently have diŠerent steric re-quirements. Angular distributions are not measured, but the energy of collision can be varied and the products can be identiˆed, giving important information about decomposition pathways. At energies near the threshold the electron transferred to the oriented molecule must enter the LUMO and the steric asymmetry gives information about the spatial extent of the LUMO. At higher energies other orbitals become available and the steric asymmetry gives information about barrier heights and steric factors.
Experimental Aspects
Molecules in gases and liquids are constantly colliding with other molecules, changing their orientation on every collision. Producing an oriented sample thus requires that orientation must be probed on a time scale less that the time between collisions, §10 nsec at atmospheric pressure. We eliminate this collisional scrambling of orientations by studying molecules in a dilute collisionfree molecular beam.
Isolating molecules in a beam eliminates collisional scrambling of orientations but does not itself produce oriented molecules. In the absence of aˆeld each molecular orientation has the same energy and the net orientation is zero. The obvious solution is to apply a strong electricˆeld to orient the molecules, but a rough calculation shows that the interaction of a dipole, n, in â eld, E, is nE §7 cm -1 for n＝4D and E＝10 5 V/cm whereas the rotational energy kT §200 cm -1 at 300 K. The electrical interaction is thus a minor perturbation on the rotation and application of this``brute force 2) '' method requires extreme cooling in a supersonic beam. A few reactions have been studied with brute force techniques 3, 4) , but interpretation is complicated because the orientation is not an eigenstate but rather depends on theˆeld strength. 4, 5) A second approach, used in our experiments, is to orient the sample by removing unwanted orientations from the randomly oriented beam. Molecules with a permanent dipole moment, n, rotate and produce a rotationally averaged dipole moment m ave that depends on the molecule in question. For a diatomic molecule such as HCl, n lies along the internuclear axis and (for normal 1 S states) J is ¥ to the axis and thus to n, so m ave ＝0 and 〈m･ E〉 ＝0 toˆrst order. For a symmetric top molecule such as CH 3 Br, the dipole moment is along the symmetry axis, but J is no longer constrained to be ¥ to the axis, m ave »0 and m ave ＝m MK/J( J＋1)＝m 〈cos u〉 6) where〈cos u〉is the average value of the cosine of the angle between n and E. Mp is the component of angular momentum along theˆeld and Kp is the component of angular momentum along the symmetry axis, K＝J, J-1, …, -J and M＝J, J-1, …, -J. In a weak electricˆeld to allow the quantum number M to be deˆned cos u ranges between -1 and ＋1 and all orientations are possible, but each molecule has a speciˆc orientation. In a weak electricˆeld (to deˆne M) the interaction energy is W＝ -n･E, and molecules with positive values of〈cos u〉 have their energy lowered and those with negative〈cos u〉 have their energy increased.
A classical analogy is perhaps helpful. Symmetric top molecules rotate like a child's top: the top spins about its symmetry axis, and the symmetry axis precesses about the (vertical) direction of the gravitationalˆeld. Low energy states are represented by those tops spinning with their point down, high energy states are represented by those with point up.
If the electricˆeld is not uniform each molecule experiences a small force F＝-; W and will move to minimize its energy in theˆeld. Thus molecules with positive〈cos u〉move to regions of highˆeld (they are high-ˆeld seekers) and those with negative〈cos u〉move to lowˆeld (low-ˆeld seekers) and the two kinds of orientations can be separated. We have used an inhomogeneous electricˆeld produced by 6 alternately charged parallel rods placed at the corners of a regular hexagon with the beam traveling down the axis of the array. Theˆeld is zero on the axis by symmetry and molecules in low-ˆeld seeking states are de‰ected towards the axis and actually focused. Molecules in high-ˆeld seeking states are de‰ected towards the rods and out of the beam. The most recent hexapoles are constructed from 6.35 mm dia rods equally spaced on a circle 15.88 mm dia in 3 sections each 457 mm long. Typically ±10 kV is applied to the rods.
Molecules leaving the inhomogeneous hexapoleˆeld are in low-ˆeld seeking states. Molecules leave the hexapole and ‰y into a uniformˆeld §300 V/cm and collide with a crossed beam about 125 mm downstream of the hexapole. The complex electricˆeld inside the hexapole is gradually replaced by the uniformˆeld and inside the uniformˆeld the positive end of the dipole points towards the positively chargedˆeld plate. Switching the polarity of the uniformˆeld plates reverses the laboratory orientation of the molecules.
Molecules can actually be focused in the hexapole with diŠerent rotational states being focused at diŠerent voltages. We do not resolve individual rotational states because we have eliminated all apertures in the hexapole in order to have enough beam intensity to observe reactive scattering of the oriented molecules. We compare``positive end'' with``negative end'' approach. The absence of beam stops and apertures in the hexapole has the added advantage of also passing a weak beam with totally random orientations when the applied voltage is zero.
The hexapoleˆeld selects molecules in diŠerent quantum states with probabilities that depend on the state (via 〈cos u〉 ), the temperature, the hexapole parameters such as length, voltage and radius, andˆnally the geometry of the molecule. 2) Each quantum state has a diŠerent probability of orientation asˆrst discussed by Stolte 7) and elaborated by Choi and Bernstein 8) . Calculated probability distributions for a few representative quantum states are shown in Fig. 1 . Figure 1 shows polar plots for various individual quantum states. The length of a given vector is proportional to the probability of the top axis pointing in the direction of a vector. For random orientation all directions are possible and the polar plot is a circle, colored diŠerently here to emphasize positive and negative end. In all cases the probability of being oriented in a given direction is proportional to the length of the vector in that direction. For random orientations, the probability is equal for any angle, and the polar plot is a circle, colored diŠerently here to emphasize diŠerent orientations. Other plots are discussed in the text. Open points for CF 3 -end attack, closed points for I-end attack. Half-ˆlled points arise from oriented molecules that were disoriented before collision.
The lowest quantum state which can be focused is |JKM〉 ＝|1±11〉(denoted inˆgure as |111〉 ) and the plot is no longer spherical; a molecule in this state is oriented although the slight red color indicates that there is a very small probability of pointing in the wrong direction. The |2±21〉and |2±11〉states are glaring examples of quantal behavior in that they are never oriented vertically. The |2±11〉state is more likely to be vertical, but can also point in the wrong direction. The distribution shown for CH 3 Br is a combination of individual quantum distributions weighted by the probability of having those states present and having them pass through the hexapole. 9) Figure 1 shows that state-selected molecules are oriented (red end attack is diŠerent from green end attack) but it also shows that we are only able to distinguish between``ends''. One cannot diŠerentiate between attack along a C-H bond and attack inside the CH 3 umbrella.
Reactive scattering experiments (discussed below) show that the molecules are oriented in weak electriĉ elds. They make adiabatic transitions from the complex electricˆeld inside the hexapole into a uniformˆeld (and back) 2, 10) provided that theˆeld changes slowly in comparison to the precession of the molecule about thê eld 11) . (We have observed scrambling of orientations by allowing the beam to pass through a region of``zero'' eld 12) and also by passing the beam through an aperture in a grounded plate where theˆeld suddenly reversed direction 13) .) The degree of orientation has been experimentally probed by photodissociating oriented CH 3 I. The I atom is ejected in the instantaneous direc-tion of the oriented molecular axis and experiments agree nicely with theory, provided the applied electriĉ eld is su‹cient to overwhelm theˆeld from the quadrupolar I nucleus. 14) 
Reactive Scattering Experiments

Thermal Energy Salt Formation
Molecular beams are so dilute that reactions to be studied must occur on nearly every collision. Early molecular beam experiments were further limited to reactions of alkali metals because alkali metals and alkali metal salts could be easily and selectively ionized on hot wires and thereby detected. Thus theˆrst studies on oriented molecules were conducted on CH 3 I reacting with K 15) and with Rb 16) both showing that orientation was important in a reaction and both showing that the alkali metal needed to impinge on the I end of the molecule.
Our laboratory explored chemical eŠects with more reactive CF 3 I. Early experiments 17) seemed to show that K preferred to react on the CF 3 -end, but further experiments 12) showed that the product scattering angle depended on the molecular orientation as shown in Fig.  2 . Thisˆgure shows that KI produced in I-end collisions recoils backwards in the center-of-mass (CM) system (near 90°in the lab), and that produced in CF 3 -end collisions ‰ies forwards in the CM (near 40°in the lab), leading to the simple qualitative picture shown in Fig. 3 .
These and subsequent experiments 18) with sideways oriented CF 3 I were ultimately reconciled 19) with thè`h arpoon'' model of Magee 20) and Herschbach 21) . This model assumes that the easily ionized alkali metal loses an electron to the molecule at a distance r C ＝e 2 /DE, where DE＝IE-EA, where IE is the ionization energy of the alkali metal and EA the electron a‹nity of the molecule. The electron attaches to the molecule in a Franck-Condon process giving an unstable negative ion in the compressed geometry of the neutral, and the negative ion is likely to instantaneously dissociate, expelling the negative fragment ion in the direction of the molecular axis. Thus CF 3 I -inˆgure 3 can be expected to dissociate to eject the Iin the direction of the axis, which is``backward'' for I-end attack, and``forward'' for CF 3 -end attack. Similar results were obtained 22) with CF 3 Br, except that the forward scattered peak from CF 3 -end attack was about 1/3 the backward scattering peak from Br-end attack. (In CF 3 I the ratio is close to 1 : 1.) We suggested that in CF 3 Br the probability of electron transfer might be orientation dependent and/or the nearby K ＋ might in‰uence the course of reaction. As described below, later experiments show evidence for both of these eŠects.`M ethly, ethyl, propyl'' eŠects have been successful in gaining insight into organic reactions. Although some asymmetric tops can be oriented 23) , we limited substitutions to``methyl, t-butyl'' to deal only with symmetric top molecules. Figure 4 shows the angular distributions 24) for K＋CH 3 I and K＋t-C 4 H 9 I. As expected, alkyl-end attack is a little more likely in CH 3 I, but unlike CF 3 I the angular distribution of KI is independent of molecular orientation, suggesting that the reaction mechanism is the same for both orientations.
The t-C 4 H 9 van der Waals radius is slightly larger than the CH 3 radius and a space-ˆlling Fisher-Hirschfelder-Taylor model roughly accounts for the diŠerent alkyl-end/I-end ratios. But a hard-sphere model would predict that alkyl-end attack (with the reactive atom on the far side of the molecule) would allow the K atom to ‰y past the alkyl group, pick up the I atom and proceed in the forward direction. The hard sphere model thus predicts angular distributions peaking at very diŠerent angles, and this is not observed.
Where does the electron go? Electron Transfer
The``harpoon'' mechanism for CF 3 I consists of the following steps:
(3) We assumed step (1) was independent of orientation and that step (2) contained the orientation-speciˆc information because the dissociation is expected to occur on the time scale of a molecular vibration and the Iwould be ejected in the instantaneous direction of the CI axis. The K＋CF 3 I reaction could be successfully modeled with this mechanism 19) but this fails for the alkyl iodides ( Fig.  4) and for CF 3 Br 22) . Maybe electron transfer depends on orientation?
At thermal energies KI (salt) is the only energetically possible product. But if enough energy is available to overcome the Coulomb attraction between the ions, EÀIE-EA, the ions can escape one another and be individually detected, eŠectively arresting the``harpoon'' mechanism at step 2. Ion-pair formation was extensively studied, especially for energies AE10 eV, and summarized in a number of excellent review articles 25) .
We rebuilt our apparatus to study the eŠect of the electron transfer. The thermal energy K source was replaced by a charge-exchange source 26) . Potassium ions, K ＋ , are produced on a hot W or Re wire inside the potassium furnace and then accelerated to a grounded grid or slit §0.1 mm away. After passing through the slit the ions drift (ˆeld free) through K vapor. Collisions with slow neutral atoms exchange charge to produce fast neutral atoms traveling at the speed of the original ions, and This charge-exchange source allows the energy of the neutral atoms to be varied by adjusting the accelerating voltage of the ions, but the intensity of the resulting fast neutrals is limited by space charge 27) . Electron-transfer collisions represented by (1) and (possibly) (2) produce ions, but in order to orient the molecules prior to collision, an electricˆeld must be applied to the collision zone. The ion detector itself is the source of the electriĉ eld, collecting all the ions formed in the collision zone (good for signal but not for angular distribution measurements). In the electron transfer experiments angular distribution could not be obtained, and the emphasis is thus on how the collision energy aŠects the stereodynamics.
Initial detection of positive ions
Ourˆrst electron transfer experiments detected only positive ions and laboratory collision energies were typically À10 eV for intensity considerations. The beam intensities were monitored by surface ionizing the fast atoms on a cool Wˆlament, and the intensities were high enough that the speed could be determined by measuring the ‰ight time following mechanical chopping of the neutral beam 28) .
The initial results for CH 3 I and CF 3 I were surprising: the electron was not simply transferred to the positive end of the dipolar molecule. The reactivity was greatest when the K atom attacked the I atom. Similar results shown in Fig. 5 for the analogous bromine compounds, CH 3 Br and CF 3 Br tell the same story: attack is most facile at the Br end and the electron does not simply ‰oat over to the positive end of the dipolar molecule.
Information about the steric requirements in these reactions is masked by the rapid post-threshold rise of the electron transfer cross section shown in Fig. 5 and further confounded by the rise in fast atom intensity as the energy increases. In order to focus our attention on the steric requirements, we deˆne the steric asymmetry factor, G, as G＝ S --S ＋ S -＋S ＋ where S ＋,-is the diŠerence in signal with the hexapole voltage ON and the hexapole OFF in the positive or negative orientation 9, 29) . If the molecule reacts only when attacked at the negative end, G＝1. If there is no eŠect of orientation, G＝0, and if the reaction occurs solely on the positive end, G＝-1. Figure 6 shows the steric asymmetry factor, G, from the data of Fig. 5 . For CH 3 Br, the Br is the negative end of the molecule and G is positive, showing that the Br end is preferred. For CF 3 Br, the Br is the positive end of the molecule and G is negative, again showing that the Br end is preferred. For both molecules extrapolation of the data to threshold suggests that reaction only occurs in one orientation. As the energy is increased the orientation becomes less important and the orientation eŠect eventually vanishes.
With some exceptions to be discussed below, the features displayed in Fig. 6 are typical of all molecules stud-ied: the steric asymmetry is largest at energies near the threshold. As the energy increases, the steric asymmetry vanishes, suggesting that the barrier to reaction in the wrong orientation is energy dependent. This behavior also suggests that there is no tendency for the molecule to orient itself during the collision, because the time available for reorientation decreases with energy, making the initial orientation all the more important. Where does the electron go? It is important to note that we don't see the electron. We measure the ion signal as a function of orientation and energy, and this probes the probability of electron transfer followed by dissociation of the transient negative ion and escape of the ions from the Coulomb potential. While it is tempting to conclude that the electron is transferred to the Br-end of the molecules above, we must also examine how the ions depart from the collision. Electron transfer can be described as the avoided crossing of a long-range covalent curve with a shortrange ionic curve and has been extensively discussed 25, 30) for unoriented molecules in terms of Landau-Zener (LZ) theory. The probability of a diabatic hop is given by LZ theory as P d §e -k/n where k ＝ (2pH IC ) 2 /hDS, DS＝|&E I /&r-&E C /&r|, &E I /&r and &E C /&r are the slopes of the ionic and covalent potential surfaces at the crossing, n is the speed and H IC is the matrix element in the Hamiltonian that couples the two states.
The important point here is that the probability depends on the relative velocity v, because v will depend on the orientation! Consider CF 3 X as an example: if K is incident on the radical end, the Xis likely to be ejected forward compared to K reducing the relative velocity between K ＋ and X -. If K is incident on the halogen end, the Xwill be ejected backwards, increasing the relative velocity. The low relative velocity of radical-end attack allows more time for the ions to neutralize one another and fewer ions will result. Halogen-end attack has the ions whizzing by one another, making neutralization less likely and making ion formation more likely. This suggests that more ions will be observed if the halogen end is attacked, which is exactly the observation.
The importance of this eŠect depends on the parameters of the LZ relationship of course. For example if the original K speed is high enough a perturbation from the Xspeed will not matter and the escape probability P (and the ion signal) will not depend on orientation. Detailed consideration of the speed relationships predicts that the signal ratio for X-end to radical-end approach should be given by
where n is the reduced mass of the colliding pair, Dn is the speed imparted to the halide ion following electron attachment 31) , and E is the translational energy of the K ＋ , RIproducts. Thus the ratio of X-end reactivity to alkyl-end reactivity, R, should vary as exp (-1/E). Figure 8 shows for K＋CF 3 Br a plot of ln R vs 1/(E CM -T), where E CM is the center of mass energy and T the threshold energy, nicely conˆrming the simple LZ picture. Other less reactive molecules such as CH 3 Br, CF 3 Cl, and CF 3 H show similar linearity 28) and conˆrm the qualitative physical picture of Fig. 7 .
Identiˆcation of the ions
Signals from K ＋ near the threshold for ion-pair formation 32) in CF 3 Br are shown in Fig. 9 . These data, and extrapolation of signals in Fig. 5a , show that the energetic threshold for Br-end attack is diŠerent from that for CF 3 -end attack. We concluded that diŠerent Fig. 10 Coincidence mass spectra for 9.5 eV K atoms colliding with a He/CH 3 Br beam containing trace amounts of SF 6 . The top spectrum was obtained with high voltage focusingˆeld ON, the middle trace withˆeld OFF, and the bottom curve the ON-OFF signal diŠerence showing the spectrum due only to oriented molecules. All spectra are for Br-end attack orientation. negative ions were being formed for attack at the two ends. Other molecules also displayed diŠerent thresholds and identiˆcation of the negative ion formed became a priority.
An electricˆeld at the reaction center is necessary to deˆne the orientation of the molecule, and thisˆeld must be reversible to attack both ends of the molecule. As a consequence, ions move in diŠerent directions, necessitating either a movable detector, or two detectors in opposite directions as used previously. We thus designed two mass spectrometers facing the reaction center aligned along an angle approximating the relative velocity. One detected positive ions, the other negative ions, and the polarity could be reversed to reverse theˆeld at the reaction center. Coincidence detection was used to avoid loss of intensity due to the duty cycle that would arise if either a beam or the extraction voltage were pulsed. The beams were continuous and the voltages were constant, so there was no time zero for time of ‰ight measurements. But electron transfer produces a positive/negative ion pair and the diŠerence in the ‰ight times characterizes the negative ion (assuming the positive ion is M ＋ ). Figure 10 shows a typical coincidence mass spectrum for 9.5 eV K atoms colliding with a CH 3 Br beam containing trace amounts of SF 6 . The mass assignments assume that the positive ion is K ＋ and each peak represents a K ＋ , Yion pair, slightly broadened by the K isotope at m/e＝41. The top curve shows peaks at m/e＝19 (F -), 79 & 81 (Br -), 127 (SF -5 ) and 146 (SF -6 ) for hexapole focusing voltage ON. (The peak near 40 is noise.) The middle curve is for hexapole focusing voltage OFF. The bottom curve shows the ON-OFF diŠerence. Since SF 6 has no dipole moment the hexapole voltage does not aŠect the SF 6 and peaks due to SF 6 vanish. CH 3 Br focuses in the hexapole and the intensity with hexapole ON is higher (due to oriented molecules) and the diŠerence is positive.
As expected, the Br-end and CH 3 -end attack orientations give the same threshold for forming the K ＋ , Brpair shown in Fig. 11 .
Further work with CH 3 Br and t-butyl Br shown in Fig. 12 gave the surprising result that the favorite end depends on the energy 9, 33) . At energies a few eV above the threshold the data show steric asymmetry factors reminiscent of early values of G for CH 3 Br (Fig. 6) . But as the energy is reduced, the steric asymmetry factor peaks and then declines, eventually reversing sign. At the lowest energies electron transfer to produce Bris more favored for the t-butyl end! Similar, but less dramatic, results were also obtained for CH 3 Br. Observation of this behavior was possible only because of the enhanced signal-to-noise ratio aŠorded by the coincidence time-of-‰ight mass spectrometer.
This behavior can be rationalized as resulting from an electron transfer from the K atom into the nearest lobe of the s * CBr orbital. That lobe is expected to be largest at the Br end, and if the energy is high enough for the K ＋ Fig. 13 Steric asymmetry factors for formation of halide ions, X-for three haloforms. Curves are modelˆts to the data. and Brto separate, that end is more reactive. But the thermal energy homolog reactions with CH 3 I and t-C 4 H 9 I show that the most KI is formed upon I-end attack, and we thus expect K ＋ and Brto form KBr and reduce the ion signal. The ions are most likely to form salt if they are formed close to one another, as expected if the K is incident on the Br end of the molecule. In contrast, attack at the s* CBr orbital inside the t-C 4 H 9 umbrella will produce ions further apart and less likely to form salt, thereby raising the ion signal. Formation of KBr reduces the ion signal and now the t-C 4 H 9 -end appears to be more reactive.
The reversal of G in Fig. 12 may also be a consequence of electron transfer to diŠerent orbitals, the s * CBr LUMO near threshold and higher orbitals as the energy is increased. The curve in Fig. 12 is a prediction of a model with a low threshold path favoring the C 4 H 9 -end that disappears on the opening of a higher threshold path favoring the Br-end. For further details see ref 9) .
The extent and type of molecular orbital clearly aŠects the electron transfer. Fig. 12 shows the steric asymmetry factors for electron transfer from K to the haloforms, CF 3 H, CCl 3 H and CBr 3 H. It is clear that the steric asymmetry of CF 3 H changes sign and CF 3 H displays frontside/backside reactivity similar to t-C 4 H 9 Br shown in Fig. 11 and the curve is a similar two channel model discussed for t-C 4 H 9 Br. But it's also clear that CF 3 H is completely diŠerent from CCl 3 H and CBr 3 H. (CF 3 H also produces fractions of CF -3 ions and electrons orders of magnitude larger than the other two haloforms.) CF 3 H clearly behaves diŠerently from the other haloforms, apparently because the LUMO is diŠerent. We postulated that in CF 3 H the LUMO was the s * CH orbital, but that in the other two the LUMO was s * CX . This has since been conˆrmed by Gaussian calculations 34) ( Fig. 14) for the HOMO's of the anions, which are approximately the LUMO's of the neutral molecules.
EŠects of orbital symmetry
Although we have emphasized the dynamics of dissociation of the molecular negative ion, the donor atom plays a surprisingly important role in the electron transfer, nominally occurring at the crossing of the ionic and covalent curves, r C , where e 2 /r C ＝IE-EA. For the reactions M＋CF 3 Br, where M＝alkali atoms Na, K, and Cs, the crossing ranges from §3.5 Å to §5 Å, but this has a major eŠect since the interaction scales exponentially with distance. In our studies with this series 35) we found that if the donor were Cs (r C §5 Å) the electron seemed to be simply transferred to the positive, Br-end, of the molecule. The other two alkali metals transfer the electron at shorter range and give orders of magnitude diŠerent yields of electrons and F -, depending on collision energy. The steric asymmetry factors for forming the major product, Br -, are virtually independent of alkali donor, but the Fasymmetry depends strongly on alkali as shown in Fig. 15 . An electron jump to a surface giving Fwill occur at shorter range because the C-F bond is far stronger than the C-Br bond.
These results show that the donor atom materially participates in the electron transfer process and does not sit idly by while all the action is taking place on the molecule. This participation is key to the diŠerence between electron transfer from a donor atom and electron attachment of free electrons. Free electrons may be highly energy selected and attachment energies are often very precisely known, but electron attachment always produces transient negative ions unstable with respect to autodetachment. In contrast electron transfer can produce stable negative ions. The donor can also perturb Fig. 16 Steric asymmetry factor for producing CN-from CH 3 CN (red symbols) or from CH 3 NC (blue squares) vs energy. Arrows denote the thresholds for the diŠerent molecules. The line is a linear least-squareˆt through the CH 3 CN data. Open and closed symbols denote data taken using W or Re wires in the charge-exchange oven. Fig. 17 Steric asymmetry factor for producing CH 2 CN-from CH 3 CN or CH 3 NC). The theoretical thresholds are diŠerent and denoted by arrows. The curve is a smooth line drawn through the CH 3 CN data to guide the eye. Open and closed symbols denote data taken using W or Re wires in the chargeexchange oven. the transient negative ion and produce very diŠerent products than are produced in electron attachment.
The role of the donor became clear in our studies of the CH 3 CN and CH 3 NC 36) where the LUMO is p * CN and as Fig. 16 shows, the steric asymmetry factor for CNis independent of energy and nearly zero. The reaction favors sideways orientation and we consistently see this behavior for electron transfer to a p* orbital. Another product, CH 2 CNis also formed, with completely diŠerent stereochemistry shown in Fig. 17 and characteristic of electron transfer to a s * orbital.
CNand CH 2 CNare formed in both electron transfer and electron attachment experiments. In electron transfer CNis §98z of the product whereas it is only §1z in the electron attachment experiments. Formation of CNrequires breaking the CH 3 -CN bond, so the electron in the p* CN LUMO must migrate to the s* CC or-bital. This requires a P -S surface crossing that is facilitated by the nearby donor atom. In the free electron experiment (without a donor atom) the crossing is largely forbidden and the transient negative ion autodetaches an electron rather than breaking the CH 3 -CN bond.
This role of the donor atom as a symmetry-breaking element in electron transfer experiments is repeated and emphasized in other molecules. In CH 3 NO 2 for example, the LUMO is centered on the CH 3 -end of the molecule, but the molecule reacts sideways 37) . Gaussian calculations suggest that the donor may distort the neutral into the bent conˆguration of the anion, and the LUMO in that geometry has a sizeable sideways component. In acetic acid 38) and tri‰uoroacetic acid 39) , experiments and theory agree that the LUMO is p * CO and the steric asymmetry to form the dominant products, CH 3 COOor CF 3 COO -, is consistent with sideways attack with the electron entering a p * orbital. In the free electron experiments additional decomposition products are observed because in order to cleave the O-H bond the p * electron must migrate to the s* orbital on OH, a symmetry forbidden A?-A! transition. In the electron transfer experiments the atomic donor facilitates the surface crossing from an A? to an A! surface yielding CH 3 CO -2 at the expense of other products.
Summary
In a weak electricˆeld the energy of a symmetric top molecule depends on the orientation, making it possible to use an inhomogeneous electricˆeld to separate molecules with diŠerent orientations. Molecules in chosen orientations will remain in these (quantized) orientations in molecular beams where collisions have been eliminated. The eŠect of orientation on chemical reactivity can be probed downstream of the state selection process with a second, crossed, beam of reactive atoms.
We have studied reactions of alkali metal atoms (Na, K, Cs) with a variety of oriented symmetric and nearsymmetric molecules. In our thermal energy experiments angular distributions of salt molecules are determined, but at energies above §4 eV ions are detected (without angular resolution) and in some instances mass-analyzed. In all cases there is a measurable eŠect of orientation. This depends on the reagents and the energy, but also depends on whether a neutral salt (i.e. KBr) is detected or whether ions (i.e. K ＋ and Br -) are detected.
The Magee-Herschbach``harpoon'' model of chemical reactions provides a good description of the processes, except that the orientation of the molecule needs special consideration. Although it is tempting to imagine the electron transfer as a separate, isolated event, it is a concerted process with the electron donor in‰uencing the process.
We believe the experiments support the following qualitative picture: As the reagents approach the electron is transferred from the atom to the LUMO of the molecule (although higher orbitals may enter for energies above the threshold for ion pair separation, §5 eV). The intermediate negative ion is likely formed in the compressed geometry of the neutral and will either detach the electron or fragment, depending on the available energy and location of the donor. For example, at thermal energies CF 3 I reacts with K by ejecting an Iin the instantaneous direction of the top axis but the Iescape is perturbed by having to drag the K ＋ along with it.
Ions can be detected for energies above the ion-pair threshold. Salt formation is still possible with a concomitant decrease in ion intensity. For example, in t-C 4 H 9 Br, the electron is transferred to the s * CBr orbital with a major lobe extending beyond the Br, and a minor lobe inside the t-C 4 H 9 umbrella. At very low energies an ejected Brcan still capture a K ＋ to make salt, unless the K ＋ is at the t-C 4 H 9 end where it is far enough away that the ions can escape and be detected. Thus at very low energies t-C 4 H 9 Br appears to make ions by``backside'' attack and this shifts to``frontside'' if the collision energy is increased a little bit.
Finally, weˆnd that the presence of the atomic donor can signiˆcantly in‰uence the breakup of the transient negative ion. There are signiˆcant diŠerences between negative ions formed by attachment of free electrons or those formed by transfer of an electron from a neutral atom. In electron transfer the donor atom can open the door to low energy but symmetry forbidden channels.
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